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lon energy distributions and sheath voltages in a radio-frequency-biased,
inductively coupled, high-density plasma reactor

Mark A. Sobolewski,? James K. Olthoff, and Yicheng Wang
National Institute of Standards and Technology, Gaithersburg, Maryland 20899

(Received 20 November 1998; accepted for publication 14 January 1999

lon energy distributions were measured at a grounded surface in an inductively coupled,
high-density plasma reactor for pure argon, argon—helium, and argon—xenon discharges at 1.33 Pa
(10 mTorp, as a function of radio-frequendyf) bias amplitude, rf bias frequency, radial position,
inductive source power, and ion mass. The ground sheath voltage which accelerates the ions was
also determined using capacitive probe measurements and Langmuir probe data. Together, the
measurements provide a complete characterization of ion dynamics in the sheath, allowing ion
transit time effects to be distinguished from sheath impedance effects. Models are presented which
describe both effects and explain why they are observed in the same range of rf bias frequency.
[S0021-897699)03808-9

I. INTRODUCTION The dependence of ion energies on rf bias frequency is
particularly important. When the rf bias frequency in an ECR
In high-density plasma reactors used for materials proreactor was increased from 0.5 to 20 MHz, the width of the
cessing, plasmas are generated by inductive sodrele-  Ar* jon energy distribution measured at the rf-biased elec-
tron cyclotron resonance(ECR) sources, or helicon  trode narrowed from 37 to 5 e This narrowing, which has
sources. In addition, the substrate electrode is also usuallyglso been observed at a grounded electrode in an ECR
powered by a separate, capacitively coupled “radio-reactot* and in low-plasma-density, capacitively coupled
frequency(rf) bias” power supply, which controls the ki- discharges®?*is explained by ion transit time effects. At
netic energy of ions bombarding the substrate. When rf biagow frequencies, the time it takes ions to cross the sheath is
is applied, rf voltage is dropped across the space-chargghort compared to the rf period, so the final energy of an ion
sheath adjacent to the substrate electrode, and ions are accgdries depending on the time that the ion entered the sheath.
erated to higher energies as they cross the sheath. In additigans entering the sheath when the sheath voltage is high gain
part of the applied rf bias voltage is dropped across the oOpmore energy than ions entering the sheath when the sheath
posing sheath, which is adjacent to grounded reactor surfacggitage is low. In contrast, at high rf bias frequencies, ions
(or any other surfaces that act as the rf counterelectrodetake many rf periods to cross the sheath, so that the final
This produces an increase in the energy of ions bombardingnergy of an ion does not depend strongly on the time at
the grounded surfaces. Crucial process parameters such @fich the ion enters the sheath. Consequently the ion energy
oxide etch selectivity depend on ion bombardment energiegjstribution narrows as the rf bias frequency increases.
at the substrate. lon bombardment of grounded surfaces is The rf bias frequency also affects the impedance of the
also important, because it wastes power and may damaggeaths, which in turn determines how symmetrically the rf
those surfaces. Also, species desorbed or sputtered from rgias voltage is divided between them. This phenomenon has
actor surfaces UndergOing ion bombardment may be tran%'een extensive|y studied in Capacitive|y Coup|ed
ported to the substrate, and may contaminate it. discharge$?~?More recently, sheath impedances in a high-
lon kinetic energy distributions have been measured ir[jensity discharge have been meas&?ehh that Study, the
high-plasma-density discharges generated by planar, indugaction of the applied rf bias voltage that is dropped across
tively coupled source$® ECR sources!™ and the ground sheath decreased dramatically as the rf bias fre-
helicons*~*¢in argon;~"9~*31>"1&hlorine? argon—chlorine  quency increased from 0.1 to 10 MHz. Presumably, this phe-
mixtures; and HBr.“ These studies have iq\:eis;cigated the nomenon would have large effects on the energy distribution
dependence of ion energy on presstié*~® source  ofions at grounded surfaces. Like the ion transit time mecha-
powery~*1214-18.4%qdial position)” axial positiom;°™*®  nism it too could produce a narrowing at high frequencies.
gas mixture, reactor aging, and applied magnetic In this study, we investigated the role of rf bias fre-
fields%~*#1%4"Nevertheless, the dependence of ion energ¥yuency on ion energies in the same high-density reactor as
on rf bias amplitude and frequency has not been investigatefief. 27. 10n energies at grounded surfaces were measured,
in sufficient detail. Of all of the studies cited above, only gnq the ground sheath voltage which accelerates these ions
threé"***“report ion energy distributions measured with rf a5 determined using capacitive probe measurements and

bias applied. Langmuir probe data. Taken together, the measurements al-
low us to distinguish ion transit time effects from sheath
dElectronic mail: sobo@enh.nist.gov impedance effects. Models are presented which describe both
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The lower electrode assembly consists of a 10.2-cm-
diam. aluminum electrode and a steel ground shield, sepa-
rated by an alumina insulator. During some of the measure-
ments, as in previous studis>’ a steel plate of diameter
16.5 cm was placed on the lower electrode to increase its
effective area. The plate, however, restricted the range of
motion of the mass spectrometer. Therefore, we performed
additional measurements without the plate.

Radio-frequency bias was applied to the lower electrode
of the cell using a signal generator and a power amplifier
(Amplifier Research 150A108" as described previousf.

A Pearson model 2877 current prdband a LeCroy model
PP002 voltage proBeéwere mounted on the lead that pow-
ered the electrode. Signals acquired by the probes were digi-
tized by an oscilloscope and then transferred to a computer

for Fourier analysis. Errors caused by propagation delays and
cell parasitics were measured and accounted for, using pro-
gedures described previousfThese procedures allow us to
determine the voltage between the surface of the rf biased
electrode and its ground shield/,{t). In addition, the
types of effects and explain why they are observed in theslasma potential and ground sheath voltage were determined
same frequency range. from wire probe measurements, described in the next sec-
tion.

FIG. 1. (a) Diagram of the inductively coupled GEC cell. The orientation of
the mass spectrometer sampling cone and the wire probe are also depict

Il. EXPERIMENTAL APPARATUS

Experiments were performed in a gaseous electronicdl: METHOD: DETERMINING THE PLASMA
conferencéGEC) reference ceff (Fig. 1), in which the stan-  POTENTIAL AND GROUND SHEATH VOLTAGE

dard upper electrode was replaced by an inductive, high-  To determine the time-dependent potential in the plasma,
density plasma source. The souftés a five-turn, planar g wire prob& was inserted into the plasma. A second volt-
coil, grounded at one end and driven at the other end by age probe was mounted on the wire, outside vacuum, to mea-
13.56 MHz rf generator at power levels ranging from 75 tosureV,(t), the voltage difference between the wire and the

250 W. (Power values reported here, measured at the gefftange on which it was mounted. The potential in the plasma
erator, include resistive losses in the matching elements anglirrounding the wirey,(t), is given by

in the planar coil itseli. An electrostatic shiefff was placed
below the coil, insulated from it by a quartz disk. Another  Vb(1)=Vx(D)+Vpy(1), 1)
quartz disk beneath the shield was sealed to the vacuumhereV,,(t) is the voltage drop across the sheath that sepa-
chamber. Gas flowed into the cell through a 2.75 in. side portates the wire from the plasma. Procedures have been
at a total flow rate of 5.0 sccm for argon and argon—heliumdevelopedf to determine the rf components o%,,(t) and
51.0 sccm for argon—xenon. The gas outleswaa6 in. port  V(t) from V,(t) measurements. Using these procedures, we
on which a turbo pump was mounted. Pressure in the celerified that, as long as the source was operated in the bright,
was controlled at 1.33 Rd0 mTorp by varying the rotation high-density, inductive mode, rf components\gf,(t) were
speed of the turbo. =<0.1 V, small enough to be neglected.

lon kinetic energy distributions were measured using a In contrast, the dc component d,(t) cannot be ne-
Vacuum Generators SXP308Hyuadrupole mass spectrom- glected. This dc component acts to repel plasma electrons
eter (MS) equipped with a cylindrical mirror analyzer from the wire probe, thus maintaining a balance between the
(CMA) ion energy analyzer. This apparatus has been usefibw of electrons and ions from the plasma to the wire. These
previously in a capacitively coupled GEC ¢lland in a  currents must balance; because the wire probe has a high dc
direct-current (do) Townsend discharg€. Here, the impedance to groundl MQ) it draws negligible dc current
CMA-MS system was mountedta 6 in. side port of the from the plasma. To repel enough electrons to satisfy the
inductively coupled GEC cell via a bellows, so that ionszero net current condition, the dc voltage across the wire
could be sampled from the side of the plasma, at variabl@robe sheath must be several times the mean kinetic energy
radial positions. lons were sampled through a small orificeof electrons in the vicinity of the wire.
(0.2 mm diametgrin the grounded, stainless steel sampling Langmuir probe measuremefitsf the dc plasma poten-
cone, then energy analyzed by the CMA, and mass analyzethl at zero rf bias, denoted,;, and measurements of the dc
by the quadrupole mass spectrometer. The ion energy distriroltage on the wire probe at zero rf bids,;, determine the
butions were measured by setting the quadrupole to pass iog voltage across the wire probe sheath at zero rf Mas,.
of a specific mass and then scanning the energy of the ions Vo= VeV @)
allowed through the CMA. The energy resolution of the bx ™ Fbf xf -
CMA was held constant at 1 eV for all ions, independent ofWhen rf bias is applied, the dc plasma potential and the dc
kinetic energy. voltage on the wire probe will change, but the dc voltage
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across the wire sheath will not chan@enless the rf bias
perturbs the local electron energies in the vicinity of the wire
probe. Thus, with or without rf bias, the plasma potential
Vp(t) can be determined from

V(1) =Vy(t) + Vipgs - 3

Nearly all of the rf bias voltage is dropped across the
sheaths, either the powered sheath or the ground sheath, and
not across the much more conductive plasma. Therefore, we
expect spatial variations in the plasma potential to be small, : : ] : :
at least for the components at the rf bias frequency and its
harmonics.(The harmonics are generated by the nonlinear
properties of the sheath, not the plagnecause the inter-
twined loops and support wire that constitute the wire probe
span a wide range of radial and azimuthal positions, it is not
able to resolve radial and azimuthal variations. Nevertheless,
axial variations in the rf components of the plasma pOtentiaLIG. 2. (@) Ar™ kinetic energy distribution for a pure argon discharge at
were measured, and were found to be small, typically 0.1 V1.33 Pa(10 mTor, an inductive source power of 100 W, and a radial
at most 2 V, even at hundreds of volts of rf bias. Spatialpositionr=9 cm, without rf bias(b) Wave form of the voltage across the
variations in the dc component of the plasma potential ar@"ound sheathVy(t), obtained at the same conditions.
larger, on the order of 10 V, according to Langmuir probe
studies,”*but these yariations are accountgd for using EqsFor this reason, and for the sake of simplicity, the presheath
(2) gnd(3). To determine the plasma. potential at a parucularwi” be considered part of the sheath in the remainder of this
position from Eq.(3), one need only insert the value 9f

L . article.
measured at that position into E@. In particular, we may Although ion collisions in the sheath can be neglected,

use Eq.(3) to determine the plasma potential'in the vicinity ion collisions in the plasma cannot. In Fig. 2, the sampling
of the mass spectrometer sampling cone. Since the cone &dne is located at a radial positian=9 cm. lons created

grounded, we can aiso obtain the voltage drop across thr?earr:O, the radial center of the discharge, undergo many

-

a)

count rate

time (us)

10 15
sheath voltage Vgs(t) (volts)

20

sampling cone sheath,y(t), from

Vgdt)=Vp(1). 4)

This equation neglects any electromotive fofeenf) in the
circuit consisting of the wire probe, the mass spectromete
and the vacuum chamber wall. This circuit lies in the hori-

zontal plane, so it should not enclose any appreciable mag;

netic flux generated by the rf bias current, which flows

I

collisions before reaching the sample cone sheath. Although
Langmuir probe measuremefité indicate that the plasma
supports a radial electric field which accelerates” Aons
away from the center of the discharge, much of the momen-
tum that ions gain from the field is redirected in random
directions by Ar—Af collisions. By assuming that the ions
re in equilibrium with the local electric field, obtained from

Miller's Langmuir probe datd’ Hebnef® calculated that
Ar" ions at radial positions of 4—-8 cm have a radial drift
velocity of about 2x 10° cm/s, which corresponds to an en-
ergy of only 0.2 eV. Laser-induced fluorescence
measurement8 of the drift velocity of argon metastable ions
in the plasma were higher, ranging up to:2.50° cm/s. This
Figure Za) shows a kinetic energy distribution for Ar  corresponds to an energy of 1.3 eV, which is still low com-
ions, measured when no rf bias was applied, for a dischargeared to the energies in Fig. 2. Thus the ions gain nearly all
in 1.33 Pa(10 mTorp of argon at an inductive source power of their energy in the sheath rather than the plasma.
of 100 W. The distribution consists of a single narrow peak.  Figure Zb) shows the wave form of the voltage across
Ar*t energy distributions measured at higher pressures in cahe ground sheatl/,((t), obtained at the same conditions as
pacitively coupled discharg&s*’~*¢display multiple peaks Fig. 2(a), using wire probe measurements and Egs-(4).
and contributions near zero ion energy, which are attributedhe voltage scale in Fig.(B) coincides with the energy scale
to ions that have lost energy due to collisions in the sheathof Fig. 2(@). The energyE,, of the peak in the energy dis-
No such features are seen in Figa)? indicating that ions tribution function closely corresponds Y., the dc compo-
cross the sheath in front of the sampling cone without undernent of V(t). This observation confirms that the ions gain
going collisions. Collisions in the sheath are negligible be-nearly all of their energy in the sheath rather than the plasma.
cause the sheath width is much thinner than the ion mea8ince no rf bias is applied, the only rf components observed
free path. In high-density discharges, sheath widths are oim Fig. 2(b) are at the inductive source frequency and its
the order of 10Qum, while the mean free path of Ardue to  harmonics. These components, which arise from a capacitive
the dominant collision process, Ar—Archarge exchange, is coupling between the inductive source and the plasma, are
5-7 mm at 1.33 Pa, according to measured cross settionssmall, about 1 V, as noted in previous studiég’ This 1 V
of 1-10 eV ions. In fact, the mean free path is so long thamodulation inVy(t) contributes to the width of the ion en-
ions may also cross the presheath region without collidingergy distribution. The distribution has a full-width at half-

through the plasma in a generally vertical direction.

IV. RESULTS
A. No rf bias



J. Appl. Phys., Vol. 85, No. 8, 15 April 1999 Sobolewski, Olthoff, and Wang 3969

Ar+ fon energy (eV) behavior parallels that observed in FigaB The energy of
0 0 20 30 4 %0 the higher-energy peak in the distributiofi,y,, varies in
the same manner ag,,; Epign always lies a few electron
volts below eV, (Wheree is the charge of an electron
Similarly, the energy of the lower-energy peak in the distri-
butions, E,,,, lies a few electron volts aboveV,,,. The
separation between the pealks;, , closely tracks the peak-
] to-peak amplitude of the ground sheath voltagg,.
The correlations between FigdaBand 3b) suggest that
- ions cross the sheath in front of the sampling cone rapidly
i compared to the time scale of Figbd. If so, ions entering
the sheath at timg,, when the instantaneous voltage across
the sheath i%/{to), will gain an energyeVy(to) in cross-
ing the sheath. If they enter the sheath with low kinetic en-
ergies<eVy{tp), as argued in Sec. IV A above, they will
exit the sheath and enter the mass spectrometer with a kinetic
energy equal te Vy{t). If ions enter the sheath at all times,
] then ions will be observed at all energies betwe&h,,, and
5 0 20 % n %5 eVpin- The peaks ak,,,~€Viax and Ei,~eVy,i, are ob-
sheath voltage Vgs(t) (volts) served becauséy(t) varies rather slowly near its maximum

and minimum. Becaus¥g(t) sweeps more rapidly through

FIG. 3. (a) Ar* kinetic energy distribution for a pure argon discharge at intermediate voltages, fewer ions are collected at intermedi-
1.33 Pa(10 mTorp, an inductive source power of 100 W, a radial position ate energies

r=9 cm, and a bias frequency of 0.27 MHz, for varying rf bias amplitudes. . . .
(b) Wave forms of the voltage across the ground she¥g(t), obtained The time it takes the ions to cross the sheath can be

under the same conditions. estimated using dc sheath models. The voltage drop across a
dc sheathy,, is independent of time. At any positior, in

) L ) the sheath the potential(x), is also independent of time. If
maximum of 2.5 eV. About 1 eV of this width is contributed e boundary between the plasma and the sheathis-at

by the energy resolution of the energy analyzer. The remainsg if the electrode or other grounded surface is-atV,

der is contributed by the modulation My(t) and by the  thenv/(0)=V,, and V(W)=0. If the ions have negligible

angular distribution of ion velocities within the plasma. initial velocity, thenu(x), the velocity of ions at position,
will be given by

count rate

time (us)

B. Low frequency rf bias

1

Figure 3a) shows ion energy distributions measured Emiuz(x)=—eV(x)+eV0, )]
with rf bias applied at 0.27 MHz, at varying rf bias ampli-
tudes. The distributions in Fig.(& are broader than the wherem; is the ion mass. Using this equation, Poisson’s
distribution observed at zero rf bigsee Fig. 2a)]. At the  equation, and the ion continuity equatiomith the electric
lowest rf bias amplitude, the distribution has a full-width atfield atx=0, the electron density in the sheath, and the den-
half-maximum of 3.3 eV, 0.8 eV broader than in Figa2 sity of other ionic species all set to zgrone can solve for
As the rf bias amplitude increases, the distribution continue®/(x). The solution is the Child—Langmuir lav,
to broaden and a double-peaked structure appears. The en-
ergy of the hlghe_r-_energy peak increases with rf b|a§ ampli-  y—= (2e/my) ¥ 5 130) YA Vo —V(x) 134, 6)
tude, but the position of the lower-energy peak remains con- 3
stant. The lower-energy peak always lies closeEly the  \here ¢, is the permittivity of vacuum and, is the ion

energy of the single peak in the distribution observed at zerQ,,rent density. Evaluating E¢6) at x=W, one obtains
rf bias [see Fig. 2a)]. The double-peaked distributions are '

similar to previous measurements performed at low pressures
and low frequencie$t1321:49

Figure 3b) shows corresponding wave forms for the
ground sheath voltag#,(t). The high frequency “ripple”

2
W= 2 (2e/m;) (€0 /30)YAV5". @)

Sometimes the ion transit time, is estimated by assuming

visible in each wave form, independent of rf bias, is contrib-'0NS Cross thellzentlre sheath at their maximum velocity,
uted by Fourier components at the inductive source freYmax=(2Vo/m)™*. One obtains

guency(13.56 MH2 and its harmonics, which are produced 2

by capacitive coupling from the coil. The lower frequency — 7=W/Upa= 3 (m;Vo/2e)Y4(eq13g) Y2, 8
features are contributed by Fourier components at the rf bias

frequency and its harmonics. As the rf bias amplitude in-A more accurate estimate is obtained by integrationy.(t}
creases, the maximum wire probe voltadk,.,, becomes is the position of an ion as a function of time, then the ion
larger, reaching more than 40 V in Fig(b4, but the mini-  velocity as a function of time idy/dt=u(y), and the transit
mum wire probe voltagey,,,, decreases only slightly. This time is
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FIG. 5. Energy of the higher energy peak in the*Aiistribution,Ehigh, and
the lower energy peal€,,, , as a function oW, the peak-to-peak ampli-
tude of the ground sheath voltage, and the rf bias frequency. In some cases
at 6.78 MHz a single energy is plotted because only a single peak was
observed. Data were obtained for a pure argon discharge at 1.380Pa
mTorr), an inductive source power of 100 W, and a radial position
10 20 30 40 50 =9cm.

ion energy (eV)

&Vmin

FIG. 4. (a) Ar* kinetic energy distribution for a pure argon discharge at
1.33 Pa(10 mTorp, an inductive source power of 100 W, a radial position energy peak shifts to lower energy. In Fig(c)4 at 6.78

rA=9°mg ;‘_”dt” bias f_reqt‘:frt‘des o) O-mb)\f-” ang(\? 6-t7h8 MHz. MHz, the peaks are so close that it is difficult to resolve

rrows indicate energies that correspondg,,, Vinax, andVy, the mini- s

mum, maximum and dc values of the ground sheath voltdiget). them. For each d|str!but|on, arrows mark the_e.nergM,gm, .
€Vpax, andeVy., which correspond to the minimum, maxi-
mum, and dc component of the ground sheath voltage. As
the frequency increase&pg, shifts from the vicinity of

w w
7-=f u‘l(y)dy=f (2eV(y)/m;) " Ydy. (9) eV towardseVy,, and E,, shifts from the vicinity of
0 0 eV, towardse V..
Substituting Eqs(5)—(7) into Eq. (9), Data from varying rf bias frequencies and amplitudes are

shown in Fig. 5. There, the peak energi€g,, andg,,,,, are
7=2(m;Vo/2e) €0/ 30) 12 10 piotted versuy/,,, the peak-to-peak amplitgude of the ground
Transit times for rf sheaths can be estimated with thissheath voltage. At 0.27 MHZ 4, varies linearly withV,
equation by replacingV,, the dc sheath voltage, with and Ey,, is relatively insensitive td/,,, as noted in Sec.
Vg{to), the value of the sheath voltage at a given time. AnlV B and Fig. 3, above. As the frequency is increased, how-
average transit time can be obtained by repladiggwith ever, the slope of th&y,y, plots become less steep and the
V4., the dc voltage across the rf sheath. In either case, alope ofE,,, becomes more steep. Thus, at constgpt the
value for the ion current densityy, is required. Fortunately, separation betweekyy, and E,,, becomes smaller as the
the ion current density has been measured in an inductivisequency increases, as in Fig. 4.
GEC cell, for 1.33 Pa argon discharges at an inductive The narrowing of the ion energy distribution at high fre-
source power of 100 W, using a miniaturized, gridded ionquencies seen in Figs. 4 and 5 is similar to measurements
detector! Using the value 0.5 mA/cfrmeasured at a radial made in ECR reactors;'® measurements made in capaci-
position,r =8 cm, close to the position of the sampling cone, tively coupled cell€%* and predictions obtained from com-
and the 10—40 V range of sheath voltages shown in Fly, 3 puter simulation$®**>2 The narrowing is expected when-
transit times from 100 to 200 ns are obtained. These calcwever the ion transit time becomes comparable to the rf
lated transit times are indeed small compared to the tim@eriod. Here, the ratio of the ion transit time, obtained
scale of Fig. 3. The 0.27 MHz rf bias frequency used in Fig.from Eq.(10), to the rf period,T, is about 0.3 at 2.71 MHz,
3 corresponds to an rf period, of 3.7 us, thus7is only and 0.8 at 6.78 MHz. Thus, at these frequencies, the time
2.7%-5.5% ofT. that an ion spends in the sheath is a large fraction of the rf
period. Consequently, the energy that ions gain in the sheath
is no longer given by the instantaneous sheath voltage;
rather, it is given by an average value of the sheath voltage,
Figure 4 shows Af ion energy distributions measured at averaged over the time that the ion spends in the sheath. This
varying rf bias frequencies. At each frequency, the rf biasaveraging reduces the maximum ion energy and raises the
amplitude was adjusted so thég,,, the peak-to-peak ampli- minimum ion energy. Hence the distribution becomes nar-
tude of the ground sheath voltage, was nearly constantpwer. If the frequency is high enough that the ion transit
within one volt of 35.5 V. As the frequency increases fromtime is much greater than the rf period, the ions will experi-
Fig. 4(a) to 4(c), the distribution becomes narrower, the ence nearly the same total acceleration no matter when they
lower energy peak shifts to higher energy, and the higheenter the sheath, and only a single peak will be observed in

C. High frequency rf bias
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' ' ' ' creasing asymmetry makes it difficult to perform measure-
ments at high values of,, at high frequencies. Indeed, at
27.1 MHzV,, can hardly be varied at all: it never rises above
11 V, even when the peak-to-peak amplitude\gf(t) is
more than 100 V. Thus, at 27.1 MHz, the asymmetry of the
discharge plays an important role in limiting ion energies at
grounded surfaces, more important than ion transit time ef-
fects.

Predictions for the relative size of the sheath voltages are
obtained from models of the impedance of the she#tifS.
. ] If Z,s andZys are the complex impedances of the sheath at
0 10 20 30 the powered electrode and the ground sheath, at the rf bias

Ar+ ion energy (eV) frequency, and/s; and Vg, are the complex Fourier coef-

FIG. 6. Ar* kinetic energy distribution for a pure argon discharge at 1.33 PaﬂCIentS’ at the rf bias frequency, of the powered sheath volt-

(10 mTorp, an inductive source power of 100 W, a radial position &ad€ and the ground sheath voltage, then
=9 cm, and an rf bias frequency of 27.12 MHz. Arrows indicate energies

that correspond t& i, Vinax, andVye, the minimum, maximum, and dc VgSl/VpSl: ZQS/ZPS’ (11)
values of the ground sheath voltagg(t).

count rate

because the same current flows through each sheath. At suf-
ficiently high frequencies, displacement current dominates

the conduction current in the sheath, so the sheath imped-
ances are largely capacitive. The capacitive sheath imped-
ance,Z, can be estimated as

the ion energy distribution, at an energy equakid,.. In-
deed, AF energy distributions measured at 27.1 MHz,
where 7/T~3, do not show two clearly defined peaks; they
only show a single peak with a shoulder at lower energies 2

(Fig. ©. It should be noted, however, that the amplitude ofZ=W/(i€wA)=3 (2e/m) " (Joee) YAV U1 wA),  (12)

the ground sheath voltage in Fig. 6, indicated by the arrows,

is rather small. Large amplitudes for the ground sheath voltWherew is the rf bias frequency in radians per second And
age could not be obtained by rf biasing at 27.1 MHz, foriS the area of the sheath. This result is derived from the

reasons that are explained in the next section. Child—Langmuir law, Eq(7), which is strictly valid only for
a dc sheath, but a nearly identical result, differing only by a
D. Discharge symmetry multiplicative factor, is obtained from a high-frequency

) _ sheath model® From Egs.(11) and(12), one obtains
In Fig. 7,Vp,, the peak-to-peak amplitude of the ground

sheath voltage, is plotted as a function of the peak-to-peak  Vgs1/Vpsi=(Jps/ Igd *(Aps/ Ags) . (13
amplitude ofV(t), the voltage applied to the rf biased elec- yhere p . A

i g : . i gs» Apss Jgs, and Jy denote the area and the ion
trode. At low rf bias frequencies the discharge is relativelyq rent density of the ground sheath and the powered elec-

symmetric, that sV, is a large fraction of the peak-to-peak oge sheath. If one assumes thgi=J,., one obtains the
applied voltage, comparablg to the peak-to-peak voltaggca"ng law derived by Koening angd Mais&eland by
across the sheath at the rf biased electrou# shown. As | iepermar?® in which the ratio of the sheath voltages varies
the rf bias frequency increaseg,, becomes a smaller and g the fourth power of the area ratio. This strong dependence

smaller fraction of the peak-to-peak applied voltage, makingy, the area ratio, and the large grounded area in the inductive
the discharge less symmetric. Similar behavior is observed igec cell explain WhyV,,/V,, is small at high rf bias
plots’” of the fundamental amplitudes &f,(t) and V1) frequenciés. g5t Tps

(i.e., the magnitude of their Fourier components at the rf bias At jow rf bias frequencies, conduction current dominates

frequency and in plots of their peak amplitudes. The in- {he gisplacement current in the sheath. Because the conduc-
tance of the sheaths is nonlinear, the sheaths act like diodes
rather than linear resistors. The discharge can be moteled
as two diodes, placed back-to-back, with reverse saturation
currents JpAps and JgAgs. The total current will equal
JgAgs for a time periodtys, during which the diode repre-
senting the ground sheath is reverse biased, and the total
current will equald, Ay for a time periodtps=T—t4, dur-

ing which the powered electrode sheath is reverse biased.
Over one rf period,T, the current must average to zero.
Therefore,

1001

50

ground sheath voltage (V)

0 Ce 1 1 1
0 50 100 150 _
applied voltage (V) tgs/t ps— J psAps/JgsAgs- (14)

FIG. 7. Peak-to-peak amplitude of the ground sheath voltégg, plotted If the a.pplle.d voltgge IS S,muso_ldal’ then the Yo'tage across
on they axis, as a function of the peak-to-peak amplitude of the voltage on€ach diode is a clipped sinusoid, qnd th(‘?‘ ratio of the peak-
the rf biased electrode/ (), for varying rf bias frequencies. to-peak voltage drops across the diodes is
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Vgs_ 1-cogwtyd2) (t_gs)z_(Jps'A\ps)z (15 T 027 MHz, 250 W ' '
Ve 1-coSwlyd2) \tps \Jghgs sof| o 99 '\mﬂﬁi zgngv ]
—o— 1. z, 7
The power law exponent &,s/Aysin Eq. (15) is lower than s = 2 Ehigh
in Eq. (13), indicating that discharges are more symmetric 540'
for low-frequency, resistive sheaths than for high-frequency, @
capacitive sheaths. In E¢L5) the dependence on area ratio o380 ]
has the same power law as the dependence on ion current ;f
density. The ion current density at the powered electrode is <ol ]
greater than the ion current density at grounded surfaces,
which are farther from the center of the discharge. Therefore, ol T e Elow 1
the ion current factors tend to makgg,/V s larger, counter- s

i i 10 20 30 20 50

acting th.e area factors, which tend to makg/V,s smaller. . ground sheath peak-to-peak voltage (V)

Indeed, in some cases at 0.27 MHz the peak-to-peak ampli-

tude ofVy(t) was larger than the peak-to-peak amplitude ofFiG. 8. Energy of the higher energy peak in the Afistribution, Eygn, and

Vps(t). This was only observed when the steel plate washe lower energy peal€y,, . as a function ol,,, the peak-to-peak ampli-

placed on the lower electrode, which greatly increases it§1de of the ground sheath voltage, for rf bias frequencies of 0.27 and 1.00
A With th teel plat ' d I | fMHz, and inductive source powers of 75 and 250 W. Data were obtained for

area, Aps. ! e steel plate re_mov_e » Smaller va ue; 0 a pure argon discharge at 1.33 PED mTorpn, at a radial positionr

Vgs/ Vps Were observed. The data in Figs. 2—7 were obtained-g ¢m, with no steel plate on the lower electrode.

with the steel plate; data in the remaining figures were ob-

tained without it. _ _

The transition between the low frequency regime of Eq.Ports source powers after subtracting an estimate of the
(15) and the high-frequency regime of E(@.3) occurs at a Power lost due to the resistance of the inductive source,
frequency w., which can be defined as the frequency atwhereas we report the total power at the generator, which
which the magnitude of the displacement current flowing!m'lldeS r_eS|st|ve lossgsAs thE_i source power increases, _the
through the ground sheatWys;/Zys, equals the conduction increase in dc plasma potential is accompanied by a simul-

current flowing through the ground sheathAgs. Using taneous increase in the electron temperattirdhe dc

Egs.(10) and(12), one obtains plasma potential must increase if the electron temperature
increases, because the current carried by electrons leaving
w 7= 3/4. (16)  the plasma must remain equal to the current carried by ions

Alternatively, the transition can be considered to occur at argeavmg the plasma. . . . .
(f period, T,= 27/ w,, where lon currents measured in argon discharges in the induc-

tively coupled GEC cell are roughly proportional to the in-
7/ T,=3/87=0.12. a7 ductive source power. If the ion current increases the

sheath width and transit times will decrease, according to

Thus .the .transition_ to capacitive sheath impgdances and t']?qs.(?) and(10). For the increase in source power given in
resulting increase in the asymmetry of the discharge occurgigy g ‘the transit time should decrease by a factor of about

at values ofr/T which are quite close to the range where iony g A change in the ion transit time will not affect the ion
transit time effects begin to narrow the ion energy d'smb“'energies if the rf period is much greater than or much less

tion. Thus, it is no accident that the narrowing of the i0ny, a1 the jon transit time, but it will affect the ion energies if
energy distribution due to ion transit time effects and they,e it period and the transit time are comparable. This pos-
increase in discharge asymmetry are observed in the same e dependence of ion energy on inductive source power
frequency range. has been discussed previoudlyNevertheless, we see no

E. Dependence on inductive source power evidence of this effect in Fig. 8. No significant changes in the
slope of the plots in Fig. 8 are observed, perhaps because the
Yt bias frequencies are too low, the rf period too long, and the

distribution, Eygn and Eyqy, are plotted as a function of the 5 time 100 short. It was difficult to investigate higher

peak-to-peak ground sheath vqltage,_ at two different if bla?requencies, because of the increase in discharge asymmetry
frequencies and two different inductive source powers. Atdiscussed above in Sec. IVD and Fig. 7

either frequency, an increase in inductive source power from
75 to 250 W produces an increase kg, and E,y,,. The
increase is approximately 2 V, fdq, as well asEy,,, at
0.27 MHz as well as 1.00 MHz, and for all values of the Figure 9 shows ion energy parameters measured as a
ground sheath voltage. These results are consistent witiunction of the radial position of the sampling orifice. The
Miller's Langmuir probe measurements of the dc plasma pomeasurements were performed at constant inductive source
tential in argon discharges in his inductive GEC é2Mill- power (130 W) and constant rf bias frequencg2.0 MH2).

er's data show that the dc plasma potential at a radial posithe rf bias amplitude was adjusted to maintain a constant
tion r=9 cm (corresponding to the position of the sampling peak-to-peak ground sheath voltagg,, =30V, except for
cone increases by 2 V, from 9 to 11 V, as the source powertwo measurements which were performed with the rf bias
rises from 77 to 245 W(It should be noted that Miller re- turned off. The radial positior,, of the entrance orifice of

In Fig. 8, the energies of the peaks in the ion energ

F. Dependence on position
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og . . . N FIG. 10. Energy of the high and low energy pedkg,, andE,,, , in the(a)
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Ar* and(b) He' ion energy distribution, as a function ¥, the peak-to-
peak amplitude of the ground sheath voltage, for varying rf bias frequencies.
Data were obtained for an argon/helium discharge at 1.3@3®anTor, at
FIG. 9. Energy of the higher energy peak in the" Afistribution,Egn, and  an argon flow of 2.5 scem, a helium flow of 2.5 scem, an inductive source

the lower energy peal&,,, as a function of, the radial position of the  power of 130 W, and a radial positian=9 cm, with no steel plate on the
mass spectrometer sampling cone, for a discharge in pure argon at 1.33 Rfver electrode.

(10 mTorp, an inductive source power of 130 W, and an rf bias frequency

of 2 MHz. Also plotted are the energy of the single pekk, observed

when no rf bias was applied, and values from Ref. 29 of the dc plasma ) . .

potential,Vy,;, measured by a Langmuir probe. ions are not accelerated as rapidly as light ions, so they have

longer transit times, and hence narrower energy distributions.

To study ion mass effects, experiments were performed

the mass spectrometer relative to the radial center of thgjth mixtures. Figure 10 shows data obtained from mixtures

discharge cell was varied from 4 to 9 cm. Also shown areof argon and helium. The flow rates of argon and helium
measuremen%% of the dc plasma potential at zero rf bias, were equal(2_5 SCCfT). Neverthe|essy AT ions far outnum-

Vb, obtained by moving a Langmuir probe through thepered Hé, as one would expect, since helium has a higher

radial position, r (cm)

same region. The slope ¥ indicates that the plasma sus- jonization potential than argor(Furthermore, when He is
tains a radial electric field of 1.7 V/cm. But the energy thatadded, the production of Aractua”y increaseS, due to Pen-
ning ionization)>® The Ar" data, shown in Fig. 1@), are
sions in the plasma, as discussed in Sec. IV A, above. COﬂfery similar to results from pure argc(ﬁ|g 5) In Compari-
sequently, the energy of the single peak observed at zero gon, for He", shown in Fig. 1(b), Enign i higher, Ejq is
bias, Ey, plotted in Fig. 9, corresponds closely to the dc|ower, and the sprealE; = Epgh— Ejow iS Wider. There does
plasma potentialVy. Similarly, E,y, the energy of the not seem to be any frequency dependence in thé ta,
lower energy peak observed when rf bias is applied, alsyhich suggests that the transit time of Here, is much
smaller than the rf period]. Measurements performed in
The plot of Ejgn, the energy of the higher energy peak mixtures of argon(50 sccm with small quantities of xenon
observed when rf bias is applied, lies parallel to the plot of(1 sccry are shown in Fig. 11. The energies of the peaks of
the Ar" energy distribution, shown in Fig. 1d, do not
constant. This observation confirms that the components dfitfer from pure argon(Fig. 4) or argon—helium mixtures
the plasma potential at the rf bias frequency and its harmorfrig. 10a)]. In comparison, for X&, shown in Fig. 11b),
ics do not vary radially. If they did, they would produce Enigh is lower, Ey,, is higher, and the sprealE,=Epqg,
variations in the peak-to-peak ground sheath voltage and in g, is narrower, suggesting that Xe because of its

_ _ _ higher mass, has a longer transit time.
Measurements in the inductively coupled GEC cell show

that the ion current density increases as one moves towards

ions gain from this field is mostly lost due to Ar—Arcolli-

tracksVp; .

Eiow, SO that their differenceAE,=Epgh—Ejon, remains

AE,.

r=0, the center of the dischard&@hus one would expect the

—=—0.1 MHz

—e— 0.1 MHz

. . . 507 *| 1 +|
transit time through the sampling cone sheath to be smaller o 02MHe A ooz o
when the cone was positioned closerrte 0. If the transit ol =3 Mk Ern 20 Mis 10

time were comparable to the rf period, this decrease in transit

time would produce an increase E, as one moved to-
wardsr=0. This effect is not observed, because, presum

ion energy (eV)

[
o
T

ably, the rf bias frequency is too low, so that the transit time

is much smaller than the rf period. It was difficult to inves-

tigate higher frequencies because of the increase in discharge

asymmetry discussed above in Sec. IV D.

G. Dependence on ion mass

In  studies of
discharge¥*°

low-density, capacitively couple

10

[
=]
T

*

Ejow

(@ 1

(b}

ion energy (eV)

110
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)
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ground sheath peak-to-peak voltage (V) ground sheath peak-to-peak voltage (V)

.
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FIG. 11. Energy of the high and low energy pedkg,, andE,,, , in the(a)
Ar* and(b) Xe™ ion energy distribution, as a function ¥f,,, the peak-to-
peak amplitude of the ground sheath voltage, for varying rf bias frequencies.

d Data were obtained for an argon/xenon discharge at 1.33®anTory, at

an argon flow of 50.0 sccm, a xenon flow of 1.0 sccm, an inductive source

tions of heavier ions are narrower than lighter ions. Heavyower electrode.

it has been observed that ion energy diStribu'power of 130 W, and a radial positian=9 cm, with no steel plate on the
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1ol % ' - ™] may also depend on other factors, such as the shape of the
_" ac: R sheath voltage wave form. Thus, a single curve fitted to the
osl 3 £ 3“3:. i data in Fig. 12 would not be expected to be perfectly general.
' ° evertheless such a curve could still provide useful esti-
& Neverthel h Id still d ful est
so06h b 3 | mates forAE, in situations where\E, is unknown butV,
Zj . and 7/T are known. For example, using the relation illus-
Kl -4 trated in Fig. 12 and measured values of the peak-to-peak
0.4 |9 He* E . .
o Xo+ ° voltage across the powered sheath, ion energies at the rf-
4 Ar+in Ar biased electrode may be estimated.
0.21 | = Ar+in Ar/He .
® Artin Ar/Xe s
0.0t . . B V. SUMMARY
-2 -1 0 o . .
10 /T1° 10 lon energy distributions at a grounded surface in an in-
T

ductively coupled, high-density plasma reactor were mea-
FIG. 12. Ratio ofAE,, the separation between the high energy and low sured and compared to measurements of the time-dependent
eger%)]/ Pel?ks intre iog wesnTergyhdistributiﬁnm, the peak-tocipf?akdgfoéﬂd sheath voltage that accelerates the ions. Together, the mea-
{10y or £4.(19 andT s the i bias period. The cata are rom Figs. 5, 10 and SUTEMeN(S provided a detailed characterization of the ion dy-
11. All data points obtained at,,>20V are plotted. nfam_lcs \_Nlthm t_he sheath. At 1.33 m mTory, !On ene_rg_y
distributions did not show any evidence of ion collisions
within the sheath. lon energy distributions were found to

We expect that the transit time of Arwould be unaf- depend on three factors. The first factor wés, the dc
fected by the presence of small quantities of helium or xePlasma potential in the absence of rf bias, which depends
non. To calculate the transit time of Her Xe*, the mass of ~ strongly on radial position and depends weakly on inductive
He, My, OF the mass of Xemxe’ should be inserted into Source power. The energy of the Single peak in the ion en-
Eq. (9). Nevertheless, it is reasonable to assume that therdy distribution observed when no rf bias was applied was
voltage drop across the sheath should be determined by tiPProximately equal teVy,¢. The second factor was the am-
dominant ion, At. Therefore, its massy,,, should be in- plitude of the ground sheath voltage, which depends strongly
serted into the Child—Langmuir law, Eq7). Solving, we  ON the rf bias amplitude and rf bias frequency. The third

obtain the transit time of He factor was the ratio of the ion transit time to the rf period,
Ua ” 7/T, which depends most strongly on the rf bias frequency
Te=2(Vo/28 M) ™ (Mye€o/Jo) ™% (18 and the ion mass. At low rf bias frequencies, whef&

and the transit time of X& 7ye, given by a similar equa- <0.05, the energies of the two peaks in the ion energy dis-
tion. According to this equation, the tenfold difference in tribution observed when rf bias was appliég,, andEpign,
mass between Heand Ar* results in values of that are ~ Were approximately equal to the minimum and maximum
0.32 times the transit time of A; 7. Similarly, the mass ground sheath voltages. At higher rf bias frequencies, where
of Xe" is 3.3 times greater than the mass of"Amaking 7/ T~1, Engr andEy,, were approximately equal to the time-
Txe 82% longer thanry, . averaged sheath voltage. As the rf bias frequency increased,

Data from both mixtures and pure argon are compared iowever, the discharge became more asymmetric, and the
Fig. 12. Transit times calculated from Ed.0) for Ar*, and  ground sheath voltage decreased. At high frequencies, the
Eq. (18) for He" and Xe", are plotted on one axis. On the increasing asymmetry has a larger effect on ion energies than
other axis iSAEy/V,,, the ratio of the separation between the changes inv/T. Sheath impedance models explain the
the high and low energy peak&E,, and the peak-to-peak increased asymmetry at high frequencies, and predict that it
amplitude of the ground sheath voltayg,,. Ar* data from  should occur at/T~0.1.
pure Ar, Ar/He, and Ar/Xe discharges fall close to a single
curve. The Heé data and Xé data deviate more from the ') W Keller. 1. . F VI 1. Vac. Sci. TechndiLA
Ar™ curve. Part of the scatter in the data is due to systematicz"m(lzge:; - C. Forster, and M. 5. Barnes, J. Vac. Scl. Techndll,
errors in the measurements. The error in the transit time val23. asmussen, J. Vac. Sci. Technol.7A883 (1989.
ues is estimated to be 25%, arising from a 50% uncertaintij. W. Boswell and R. K. Porteous, Appl. Phys. L&0, 1130(1987).
in the ion current density. We used an ion current density, - Hopwood, Appl. Phys. Let62, 940 (1993. _

. . . . U. Kortshagen and M. Zethoff, Plasma Sources Sci. Techfiob41
that was measured in a different inductively coupled GEC (1995.
cell, under experimental conditions that were not identical t05G. Mumken and U. Kortshagen, J. Appl. Phgg, 6639(1996.
ours. Estimated errors iaE, and Vpp are each=1 V. The 7J. R. Woodworth, M. E. Riley, D. C. Meister, B. P. Aragon, M. S. Le, and
; ; ; 100 H. H. Sawin, J. Appl. Phys80, 1304(1996.
resulting error INAE,/Vpp IS less than+10% for the qata 8J. R. Woodworth, M. E. Riley, P. A. Miller, and T. W. Hamilton, J. Appl.
shown, which were all obtained ¥,,=>20V. (Data obtained  ppys 81 5950(1997.
at V,,<20V have larger relative errors IAE,/Vp,, but  °J. R. Woodworth, M. E. Riley, P. A. Miller, C. A. Nichols, and T. W.
they are not plottedl.Errors may account for much of the lOHamiIton, Jk Vac(.j Sci.OTechnoI. As,ssols(lrs]ag?)l_%z 1087
; M. Matsuoka and K. Ono, J. Vac. Sci. Technol.6A25 (1 .

spread in the data, bl’!t there are qlso real effect; that C.OUMN. M. Holber and J. Forster, J. Vac. Sci. Technol8A3720(1990.
cause the data tc_J deviate from a sm_gle curve. It is ce_rtamlyzK. L. Junck and W. D. Getty, J. Vac. Sci. Technol.12, 760 (1994.
possible thah E, is not solely a function of/T andV; it 13D, Martin and H. Oechsner, Vacuu4v, 1017 (1996.
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